Compounds of the form [(pap)M(Q 2-)] (pap = phenylazopyridine; Q = 3,5-di-tert-butyl-benzoquinone, M = Pd, 1a and 1b, M = Pt, 2a and 2b; Q = 4-tert-butyl-benzoquinone, M = Pd, 3a and 3b; M = Pt, 4a and 4b) were synthesized in a one-pot reaction. The geometrical isomers, which are possible because of the built in asymmetry of these ligands, have been separated by using different temperatures and variable solubility. Structural characterization of 1b shows that the metal centers are in a square planar environment, the pap ligand is in the unreduced neutral state and the quinones are in the doubly reduced, Q 2-catecholate form. Cyclic voltammetric measurements on the complexes display two one-electron oxidations and two one-electron reductions. EPR and vis-NIR spectra of the one-electron oxidized forms of the complexes indicate that the first oxidation takes place on the Q 2-ligands to produce a metal bound semiquinone (Q ∑ -) radical. Reduction takes place on the pap ligand, generating metal bound pap ∑ -as seen from the 14 N (I = 1) coupling in their EPR spectrum. All the complexes in their [(pap)M(Q 2-)] neutral forms show strong absorptions in the NIR region which are largely LLCT (ligand to ligand charge transfer) in origin. These NIR bands can be tuned over a wide energy range by varying the metal center as well as the Q ligand. In addition, the intensity of NIR bands can be switched on and off by a simple electron transfer at relatively low potentials. DFT studies were used to corroborate these findings.
Introduction
Donor-acceptor systems based on Pt(II) and containing redox non-innocent ligands have been studied for a while because of their exciting photochemical properties and their possible use in harnessing solar energy.
1-7
After initial studies, which were based mainly on dithiolates as donors and diimines as acceptors, recent focus has also been on other related redox-active donors.
8- 17 In this regard we recently reported on the isomeric separation in complexes of the form [(pap)Pt(Q 2-)] (pap = phenylazopyridine, Q = 3,5-di-tert-butyl-benzoquinone). 18 The quinones, Q can exist in the three different redox forms of Q 0 , Q ∑ -and Q 2-which are connected by one-electron transfer processes. The ligand pap which contains an azo group 19 can also exist as pap 0 , pap ∑ -or pap 2- . Non-innocent behavior of such ligands has been studied in various metal complexes.
20- 30 In view of our interest in the chemistry of quinone ligands 31-37 and building up donor-acceptor
Results and discussion

Synthesis and crystal structure
The complexes (Scheme 1) were synthesized in a one-pot reaction by using Pd(pap)Cl 2 or Pt(pap)Cl 2 and the relevant QH 2 ligand with NEt 3 as a base in acetonitrile (Experimental section). Encouraged by our finding that isomer separation is possible in such complexes, 18 we systematically varied the reaction conditions in order to be able to force the formation of one isomer or the other based on reaction conditions. After screening a set of conditions, we were delighted to find that temperature, time and solubility are the factors that can result in the favorable formation of one isomer or the other. Thus carrying out the reaction for 3 h at room temperature results in the preferential formation of 1a or 3a (kinetic control). On refluxing the solution at 70
• C, the other isomer, 1b or 3b is formed preferentially (thermodynamic control, Scheme 1 and Experimental section). For the platinum complexes, solubility differences were used for separation of 4a from 4b. This is in contrast to our earlier finding where we had achieved isomer separation exclusively through column chromatography. 18 The metal complexes were characterized by 1 H NMR spectroscopy, elemental analyses and mass spectrometry. 1 H NMR spectroscopy can be put to good use to check the formation of one isomer or the other (Experimental section, Figure S1 †). 1b could be crystallized by slow evaporation of a CH 2 Cl 2 solution of it layered with n-hexane for single crystal X-ray diffraction studies. This result was used for the unambiguous identification of the configuration of the isomers. The same was previously done by us for 2a and 2b. For 3a/3b and 4a/4b, isomer identification was done by comparing their 1 H-NMR spectra with those of 1a/1b and 2a/2b respectively (Figure S1 †). Crystallographic details for 1b are presented in Table 1 . 1b crystallizes in the triclinic Pī space group (Fig. 1) . The Pd(II) center in 1b adopts a distorted square planar environment, the distortion being imposed by the chelating nature of the pap and Q ligands. This is evident from the O1-Pd1-O2 angle of 83.6(2)
• and N1-Pd1-N2 of 78.3(2)
• respectively. The Pd-N and Pd-O distances are in the expected range. Bond length analyses within the Q ring clearly establish its completely reduced Q 2-catecholate form. Thus the C1-O1 and C2-O2 distances of 1.331(9) and 1.351(9) Å respectively point to C-O single bond distances. The virtually identical intra-ring C-C bond distances and their average values of about 1.4 Å suggests the aromatic character of the ring as would be expected for a catecholate form.
21, 22 The distances within the pap ring are typical for the unreduced and neutral pap 0 form (Fig. 1) . The slightly elongated N-N distance of 1.286(9) Å compared to an authentic N N double bond has to do with back-donation from the Pd(II) center which is bonded to the electron-rich Q 2-ligand.
19,42,43
Bond length analyses thus show that the best formulation for 1b is
The data presented here match well with our previous report on the structural parameters of the platinum complexes 2a and 2b. 18 The uncoordinated phenyl ring of pap is twisted with respected to the rest of the molecule. This is apparent from the dihedral angle of 31.2 • between the planes defined by the phenyl ring and the Pd(II) center together with its coordinating atoms. The twisting of the phenyl ring is most likely a result of either steric repulsion between the C-H bond of the phenyl and the adjacent coordinating O atom of the Q 2-ring or packing effects in the solid state.
Various attempts at crystallizing the isomer 1a invariably led to the isolation of the crystals of 1b. The conversion was independently verified by performing 1 H NMR experiments on 1a before the crystallization process and then measuring a 1 H NMR spectrum of the resulting crystals ( Figure S2 †) . From the synthetic protocols of the isomers (vide supra) it is known that 1b is the thermodynamically stable form. Hence over the period of crystallization in solution, 1a is converted to the thermodynamically stable product 1b. This phenomenon was not observed for the platinum complexes 2a/2b, for which we had reported the crystal structures of both the isomers previously. With comparable ligands, platinum is known to form more robust bonds than palladium. This fact is possibly responsible for the conversion of 1a to 1b over a period of time but not of 2a to 2b.
Cyclic voltammetry
The presence of two redox-active ligands makes the complexes presented here ideal candidates for cyclic voltammetric measurements. Each of the complexes described in this work show two oxidation and two reduction processes within the dichloromethane solvent window. Both isomers of each complex were investigated electrochemically in CH 2 Cl 2 /0.1 M Bu 4 NPF 6 . However, as expected, and as can be seen from Table 2 , their behavior is virtually identical and hence in the following, the discussion will be restricted to one set of isomers. All the complexes show a completely reversible first one-electron oxidation at relatively low potentials ( Fig. 2 and, Table 2 ). The Pd(II) complexes 1a (E 1/2 ox1 = -0.37 V) and 3a (E 1/2 ox1 = -0.30 V) are respectively easier to oxidize compared to their Pt(II) analogues 2a (E 1/2 ox1 = 0.14 V) and 4a (E 1/2 ox1 = 0.22 V). The difference in the first oxidation at 298 K. * corresponds to a re-reduction peak that appears after the 2nd oxidation. The red curves show the reversibility of the first oxidation step when the scan direction is reversed without scanning the second oxidation step.
potentials of 1a and 2a is about 500 mV. This result is a first indication of some amount of metal influence in the first oxidation process. The first oxidation potential of the reported complexes
/ -bipyridine, dpphen = 4,7-diphenyl-1,10-phenanthroline) are cathodically shifted compared to 2a (Table 2 ). This can be rationalized by considering the better p-accepting ability of pap compared to bpy* or dpphen. The second oxidation is irreversible for all the reported complexes at all tested temperatures (-50 to 25
• C) and scan rates (50 to 1000 mV s -1 ). This phenomenon was also observed for [(Q)Pt(bpy*)] and [(Q)Pt(dpphen)]. A likely explanation is the extremely weak basicity of the neutral o-quinone form, Q 0 that is generated on second oxidation. The weak basicity probably leads to complex dissociation and hence makes the second oxidation irreversible. The irreversibility of the second Table 2 Electrochemical data from cyclic voltammetry 
h E pc for irreversible reduction. n.o. = not observed.
oxidation process precluded the quantitative determination of the thermodynamic stability of the one-electron oxidized form. Both the reduction processes are completely reversible for the complexes reported here. The large differences between the first oxidation and first reduction potentials lead to comproportionation constant (K c ) values of the order of 10 12 for the palladium complexes 1a and 3a, and 10 17 for the platinum complexes 2a and 4a, showing their high thermodynamic stability. Just like the oxidation processes, the reduction potentials for the palladium complexes 1a (E 1/2 red1 = -1.12 V) and 3a (E 1/2 red1 = -1.07 V) are cathodically shifted compared to their platinum analogues 2a (E 1/2 red1 = -0.90 V) and 4a (E 1/2 red1 = -0.82 V); the shift, however, is less compared to that for the oxidation potentials ( Table 2 44 It should be noted here that for a series of related Pd(II) and Pt(II) complexes, reported with 2,2 / -bipyridine (bpy) and catecholate, amidophenolate, amidothiolate or dithiolate ligands, the reduction potentials were shown to be independent of the metal centers as well as the donor ligands.
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The p*-LUMO of the bpy ligands are energetically much higher compared to the p*-LUMO of pap. Thus, in the complexes with bpy, the effect of the [M(Q)
2-] fragment on the reduction potentials for the bpy centered process is negligible.
The reduction potentials of [Pt(Q)(bpy*)] 9 and [Pt(Q)(dpphen)] 8 are shifted to higher negative values compared to 2a (Table 2 ). This can be rationalized by the energetically lower lying p*-LUMO of pap compared to bpy* or dpphen. The large differences between the 1st and 2nd reduction potentials for all the complexes leads to a very high thermodynamic stability of the one-electron reduced forms, as seen from the comproportionation constant values (K c ) of the order of 10 14 ( Table 2 ). The effect of the tert-butyl groups (one or two) of Q, on the redox potentials of the complexes is negligible. In order to gain further insight into the redox steps, vis-NIR as well as EPR spectroelectrochemical studies were carried out on the complexes. Since positional isomers such as the ones described here are known to have virtually identical spectroscopic properties, only one isomer was investigated with these methods.
Vis-NIR spectroelectrochemistry
All the investigated complexes show intense absorption bands in the NIR region and this band dominates their absorption spectrum ( Fig. 3 and 4, Table 3 ). For the Pd(II) complexes, the NIR band is shifted to lower energies compared to their Pt(II) counterparts [1378 nm (7256 cm -1 ) for 1b versus 970 nm (10309 cm -1 ) for 2b]. The origin of this band lies in the spin and dipole allowed LLCT (with some MLCT contribution) transition from a highest occupied molecular orbital (HOMO) predominantly based on the Q 2-donor to the lowest unoccupied molecular orbital (LUMO) located primarily on the pap ligand as has been confirmed by TD-DFT calculations (vide infra). The position of this band correlates well with the difference between the first oxidation and first reduction potentials of the complexes as obtained from cyclic voltammetry experiments (Table 2 and 3 ). All the complexes display further bands in the visible region which can be assigned to metal to ligand charge transfer (MLCT, M(dp) → pap(p*)) and intra ligand (IL) transitions. Some of these bands are reminiscent Other bands of the MLCT and LLCT nature are also seen for the one-electron oxidized forms of the complexes. Even though the second oxidation processes could not be investigated owing to their irreversible nature, attempts at generating these species showed a complete depletion of bands in the vis-NIR region as would be expected for the formation of a [(Q 0 )M II (pap 0 )] 2+ complex. One-electron reduction also leads to diminishing of intensity of the NIR absorptions. Additionally, multiple bands appear in the visible region that can be assigned to MLCT and IL transitions of a metal bound azo radical (Fig. 3 and 4 2-. The NIR bands observed for the neutral complexes 1b-3b and 4a dominate their spectra. The position of these bands can be tuned by changing the metal centers as well as the Q ligand (Table 3 ) and the band positions correlate well with the difference between the 1st oxidation and 1st reduction potentials of these complexes. Reversible one-electron oxidation as well as reduction leads to almost complete depletion of these bands as seen above. Thus, a simple electron transfer can lead to the change in intensity of these NIR bands from extinction coefficient values of about 10000 M -1 cm -1 to almost 0. The redox processes, particularly the first oxidation occur at extremely low and accessible potentials. Compounds with such characteristics have been postulated as useful candidates for future opto-electronic systems.
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EPR spectroelectrochemistry
In order to further consolidate the assignment of redox processes made by vis-NIR spectroelectrochemistry, EPR spectroscopy was carried out on the odd-electron forms of the complexes. The substances for carrying out the EPR measurements were generated by in situ electrolysis of the neutral complexes in CH 2 Cl 2 /0.1 M Bu 4 NPF 6 . The one-electron oxidized form 1b ∑ + shows a well resolved signal at 298 K centered at g = 2.002 ( Fig. 5 and Table 4 ). This spectrum could be simulated by considering hyperfine coupling to one 1 H nucleus (I = The one-electron oxidized platinum complex 4a ∑ + shows a spectrum centered at g = 1.995, that is similar in features to that of 1b ∑ + . The only difference being the observance of 195 Pt (I = 1/2, natural abundance = 33.3%) satellites instead of palladium satellites (Fig. 6 ). This spectrum could be simulated by using a hyperfine coupling of 3.6 G to the 1 
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The one-electron reduced form 1b ∑ -shows a signal centered at g = 2.004 at 298 K. This spectrum shows multiple lines which could be reasonably simulated by using hyperfine coupling to three different 14 N (I = 1) nuclei of 9.0, 3.1 and 2.6 G respectively as well as a 105 Pd coupling of 3 G (Fig. 5 ). An unambiguous assignment of the nitrogen coupling to specific nitrogen atoms is not possible. However, it can be said with a reasonable amount of confidence that the largest coupling of 9.0 G is probably to the nitrogen atom of the azo part which is coordinated to the palladium center.
The compound 4a ∑ -shows a signal at 298 K which is centered at g = 2.005. This spectrum could be simulated by considering a 195 Pt coupling of 108 G (Fig. 6) . The large line-width of this signal which is associated with the large 195 Pt hyperfine coupling precludes the resolution of the 14 N coupling for the platinum complex. The much larger 195 Pt coupling for the reduced form as compared to the oxidized form has to do with a large amount of back donation that is possible from the Pt(II) center to the pap ligand. The EPR data thus unambiguously establish the one-electron reduced forms
DFT calculations
The DFT optimized bond lengths and angles of 1b and 2b well describe the experimental crystal structures (Table S1 †), bond lengths are reproduced within 0.02 Å with an exception of the N3-C15 bond. Positional isomers b have slightly lower energy than a, free energy differences are 0.013 and 0.020 eV for 1b and 2b, respectively. Frontier molecular orbitals (FMO) of 2b are depicted in Figure  S3 †, shapes of FMOs of 1b differ only slightly. HOMOs of both complexes are formed by the p system of the Q ligand with some M contribution. LUMOs are composed of a p pap orbital with a contributing metal d xz orbital (12% and 8.5% for Pt and Pd complex, respectively). In the course of oxidation an electron is withdrawn from the Q based MO, during the reduction an electron is accepted in preferably the pap localized orbital with partly contributing metal orbital. Fig. 7 depicts spin densities for oxidized and reduced forms of 2b; analogous shapes are obtained in the case of 1b.
ADF/BP calculated spin densities on Pt are 0.014 and 0.147 for oxidized and reduced species, respectively. Spin densities on Pd are 0.009 and 0.080 in the case of oxidized and reduced species, respectively. Spin density distribution is reflected by the calculated EPR parameters. Calculated g values and hyperfine couplings for radical cations and anions of both complexes are listed in Table 4 . The calculated EPR parameters correlate well with the experimental ones. The ratio between a iso (Pd) and a iso (Pt) is reasonably well interpreted; calculations underestimate a iso (Pt) and overestimate the a iso (Pd) parameter of 1b ∑ -. TD-DFT calculations well interpret the experimental spectral features of 2b (Table 5 and S3 †). The intense allowed feature calculated at 841 nm can be characterized as a LLCT (Q 2-to pap 0 ) transition. A second intense transition calculated at 373 nm has mixed MLCT and IL character and also well reproduces the experimental feature. Shifts of lowest lying allowed transitions to shorter wavelengths and the intensity variations are well reproduced by calculations for oxidized and reduced species. FMOs contributing to lowest lying intense transitions in 2b + and 2b -are depicted in Figures S4 and S5 †. TD-DFT calculated transitions for 1b, listed in Table 5 and S2 †, also well interpret the experimental spectral features. In agreement with experimental finding lowest lying excitations for 1b are calculated at longer wavelengths than in 2b.
Conclusion
By combining two different non-innocent ligands we were able to characterize donor acceptor systems of the form [(Q n )M II (pap m )], M = Pd or Pt; n = -1, -2; m = 0, -1, -2. The in-built asymmetry of the ligands makes isomer formation possible and these could be isolated by using thermodynamic versus kinetic reaction control as well as solubility differences. Structural characterization of 1b was used for isomer identification. Bond length analyses in 1b lead to the formulation [(Q 2-)Pd II (pap 0 )] for the neutral complexes. All the complexes show two one-electron oxidation and two oneelectron reduction processes. Additionally, the neutral forms of all the complexes show strong absorptions in the NIR region which can be tuned by changing the metal center and the Q ligand. The intensity of the NIR bands can be influenced by electron transfer processes. The oxidation of the complexes occur predominantly on the Q 2-ligand generating successively metal bound Q ∑ -and Q 0 . The identity of these forms was verified through the typical metalbound semiquinone absorption bands in the visible region of the absorption spectrum as well as through hyperfine coupling to the 1 H center of the semiquinone ring in the EPR spectrum. The ligand in the Q 0 form does not bind well to the metal center, thus making the second oxidation step irreversible. Reduction takes place on the pap part of the complex generating successively metal-bound pap ∑ -and pap 2- . The identity of these species was also verified through vis-NIR and EPR spectroscopy. DFT studies corroborate the experimental findings. The presence of two redox-active ligands in the same metal complex as well as a four-coordinated metal center provides opportunities in such complexes for studies of ligand redox-induced reactivity at the metal centers. Our current studies are focussed in these directions.
